High-efficiency blue fluorescent organic light emitting devices (OLEDs) have been demonstrated by doping two host emission layers with p-bis(p-N ,N -diphenylaminostyryl)benzene (DSA-Ph) simultaneously to form double emission layers (DELs). A peak luminance efficiency of 8.59 cd A −1 with a CIE colour coordinate of (0.155, 0.340) at 14.72 mA cm −2 and a maximum luminance of more than 42 000 cd m −2 have been achieved. The improvement of the luminance efficiency of OLEDs with the doped DELs as compared with that of the undoped OLEDs can be explained by the doping effect, the expansion of the recombination zone and the efficient energy transfer.
Introduction
High efficiency is an important consideration in developing organic light emitting devices (OLEDs) for next generation full-colour displays and solid state lightings. Currently, bright and efficient red and green OLEDs with internal quantum efficiency approaching 100% have been achieved successfully by employing electrophosphorescent materials [1] [2] [3] [4] . However, for blue electrophosphorescent OLEDs, it is difficult to find an appropriate host which has a higher triplet excited state energy than that of the guest to realize exothermic energy transfer [5] .
There is also an exchange energy loss existing in the process of intersystem crossing from singlet excited state to triplet excited state. For instance, the exchange energy loss of fluorescent host material 4, 4 -N,N -dicarbazolyl-biphenyl (CBP) is approximately 0.5-0.6 eV [6] . Another problem related to blue electrophosphorescent OLEDs is the short device lifetime as compared with its fluorescent counterparts [7] .
Hence, blue electrofluorescent OLEDs have been attracting much attention at present and various strategies have been proposed to improve the efficiency and the colour 1 Author to whom any correspondence should be addressed. emission quality [7] [8] [9] [10] . A host-guest system by doping a guest emitter into the host material has been used extensively for the above purposes. Due to the large energy gap (E g ) of a blue emitter, it is not easy but important to select a suitable host that has a wider E g than that of the emitter. On the other hand, the injection from the hole-and electron-transport layers into the host should not be greatly affected by the wide E g of the host [6] , which means that the host and the guest should have favourable energy level alignment and also have a little difference between the two E g s.
Besides the effective energy transfer in blue OLEDs, the confinement of excitons in the recombination zone is of great significance in enhancing the device efficiency by avoiding additional losses of radiative excitons [11] . It has been reported that excitons can be formed either at the interface between the hole-transport layer (HTL) and the light emission layer (EML) or the electron-transport layer (ETL) and the EML [10, 12, 13] . In order to utilize the generated excitons for light emission as much as possible, it is necessary to increase the width of the recombination zone for high efficiency while it does not degrade the other properties of OLEDs. Leo and coworkers and Kim and coworkers have developed efficient and stable green electrophosphorescent OLEDs using double emission layers (DELs) [14, 15] . Until now, there has been no such study on 
Experiment
The blue OLEDs were fabricated by vacuum thermal evaporation onto 120 nm indium tin oxide (ITO) coated glass substrates with a sheet resistance of 20 / supplied by Tinwell Technology, China. Prior to organic layer growth, ITO substrates were cleaned with solvents and then exposed to UV-ozone treatment for 15 min. The current density-voltage-luminance (J -V -L) characteristics of the blue OLEDs were measured using a Keithley 2400 source and a calibrated Si photodiode. The electroluminescence (EL) spectra were recorded by an Oriel spectrometer with Cornerstone 260i. The absorption spectra and the photoluminescence (PL) spectra were measured by an AVAI 14DS UV/Vis spectrophotometer and an ARC Spectrapro-275 spectrometer, respectively. All measurements were carried out under ambient atmosphere.
Results and discussion
All four devices emit sky-blue light ascribed to the emission of the DSA-Ph dopant, as shown in the normalized EL spectra in figure 2 . All spectra show two main peaks at 470 and 502 nm along with a weak shoulder at 538 nm and they are similar to the result of solid PL spectra (see figure 4 ). There is no other characteristic peak appearing in EL spectra by increasing the voltage, which suggests all energy excluding the non-radiative part can be transferred from the host to the guest efficiently.
On the other hand, the EL spectra have some small changes for SEL and DEL devices, especially for DEL devices having a higher 470 nm peak than those of the other three devices. It can be attributed to the fact that DEL structure broadens the width of the recombination zone and then changes the distance between the EML and the cathode. The J -V characteristics of the four blue OLEDs are shown in figure 3(a) . Although the device structures are different, they have very similar J -V features, which indicate that the doping region and the doping concentration have no obvious influence on charge carrier transport. Therefore, the dominated light emission mechanism should result from Förster energy transfer between the host and the guest other than the direct charge carrier trapping by DSA-Ph [9] . Even at high bias, the effect of direct charge-trapping is still not significant. However, the luminance efficiency (η) is quite distinct for the four blue OLEDs, as shown in figure 3(b) . The two SEL devices (devices A and B) have lower η compared with that of the DEL OLEDs (devices C and D); in particular for device B, the maximum η is only 3.66 cd A −1 far from the value 6.18 cd A −1 of device A. This means that excitons can locate both on the ETL host and the HTL host [13] , but any of them exist on the ETL side. Thus, in SEL devices, part of the excitons cannot contribute to light emission when they are doped in only one host. Some excitons may diffuse into the pristine NPB or TPBi layers in devices A and B, respectively. Moreover, the uncombined holes and electrons can also penetrate into the ETL and the HTL, respectively, and reduce the efficiency. The issues can be improved in DEL OLEDs. Device C has a maximum η of 8.59 cd A −1 at 14.72 mA cm −2 , that is about 1.4 and 2.4 times larger than those of devices A and B when we change the structure from SEL to DEL. This value can be comparable to the properties of blue electrophosphorescent counterparts [7] . The enhancement of the double-layer doped OLEDs as compared with that of undoped OLEDs is explained as below.
Doping effect
As shown in figures 1(a) and (b), the 3% DSA-Ph doped SEL OLEDs have higher efficiency as compared with that of the undoped OLED with an efficiency of 1.5 cd A −1 as reported by [9] . The enhancement can be explained by the doping effect. However, the efficiency of the doped SEL OLED is still much lower than those of the DEL OLEDs with the same DSA-Ph concentration of 3% and the same totally doped layer thickness of 50 nm, as shown in figure 3(b) , i.e. the doping effect alone cannot explain the enhancement of the DEL OLEDs.
Double emission layer structure
By doping both NPB and MADN with the same DSA-Ph concentration of 3% and the same totally doped layer thickness (50 nm) as that of the doped SEL OLEDs, the efficiency is higher than that of the doped SEL OLEDs, which can be explained by the extension of the emission layer to form the DEL. To verify the existence of the DEL structure, two SEL OLEDs have the same doping ratio and totally doped layer thickness of 50 nm have been studied. They all emit the characteristic spectrum of the DSA-Ph dye, which demonstrate that excitons form in both MADN and NPB host layers rather than in either of the host layers followed by diffusion into the other layer for emission because singlet exciton has a very short diffusion length [10] . In addition, if the excitons just form in one host layer of MADN (or NPB) and the emission from the adjacent layer of NPB (or MADN) is the result of exciton diffusion from its neighbouring layer, the DEL OLEDs would not have much higher efficiency than those of the doped SEL OLEDs because in this case all the radiative excitons can be collected by just doping the MADN (or NPB) layer only. As a consequence, the emission comes from the extended emission region in both doped MADN and NPB, i.e. the so-called DEL structure [14, 15] .
From the discussion of the previous two sections, the higher emission of the DEL OLED as compared with the undoped OLED is contributed by the doping effect and the DEL structure. We can see that the luminance efficiency of the two DEL devices rises more quickly to the maximum values at the low current density side than those of the two SEL devices. In addition, the DEL structure can decrease the accumulation of charge carriers at the interface of the HTL/EML and the EML/ETL and balance their distribution in the EML to avoid current-induced quenching effect. Table 1 summarizes the performance of the four blue OLEDs. Other than the difference Table 1 . Characteristics of the blue OLEDs. η max is the maximum luminance efficiency; L max is the maximum luminance and J is the current density. of η between the SEL and the DEL devices, we can see that the maximum luminance of the DEL devices (more than 42 000 cd m −2 ) has a higher value compared with that of the SEL devices (about 20 000 cd m −2 ). This provides an alternative support for the effectiveness of the DEL structure.
An efficient energy transfer
Another feature for device C is the efficient energy transfer inside the OLEDs. There are two factors related to this mechanism. The first one is the Förster energy transfer between the host and the guest system, which is explained by the large overlap between guest absorption and the host PL spectrum, as shown in figure 4(a) . This demonstrates that the energy transfer from NPB and MADN to DSA-Ph is very efficient. In fact, the energy transfer is so efficient that the PL emission spectrum of MADN and NPB doped with 3% DSA-Ph is mainly from DSA-Ph, as shown in figure 4(b) . Moreover, the absorption edge of the double-layer (MADN and NPB) doped structure (triangles) is similar to that of MADN (solid circles), as shown in figure 4(b) while the emission spectrum of the two-layer doped structure is red shifted as compared with that of MADN. As a result, the re-absorption of the double-layer doped structure is reduced as compared with the undoped structure, particularly for the case of MADN. Consequently, more efficient energy transfer is achieved for the case of the double-layer doped (MADN and NPB) and contributes to the high efficiency of OLED with DEL as compared with the undoped OLED.
The second factor which can affect energy transfer is effective energy level alignment. Figure 5 plots the energy level diagram of the DEL device. Here, the highest occupied molecule orbital (HOMO) and the lowest unoccupied molecule orbital (LUMO) are taken from the literature [9, 16, 17] . With favourable energy level alignment, holes and electrons can easily transport inside the device without a large energy barrier. In particular, NPB and MADN have similar HOMO and LUMO to those of DSA-Ph. Therefore, there should be very little energy loss in the host-guest energy transfer process, unlike the case in blue electrophosphorescent OLEDs [5] . When we insert 5 nm BCP layer in device D, not as we expect, the efficiency of device D is lower than that of device C over the whole scale of current density. As we know, BCP is a good hole blocking material with a HOMO of 6.7 eV. But its LUMO is 3.2 eV higher than that of TPBi [18] , which would increase the energy barrier for electron transport to the EML. Actually, we also use BCP as ETL in the DEL devices. The device has a luminance efficiency of 5.63 cd A −1 (the detailed results are not shown here). Although BCP has a high electron mobility of about 1.1 × 10 −3 cm 2 V −1 s −1 [19] , the balance between the hole and the electron is destroyed after inserting the layer, and thus decreases the efficiency [20] . This is another reason that device C has much higher efficiency as compared with device D.
Conclusions
In summary, high-efficiency blue fluorescent OLEDs based on DELs have been demonstrated by doping both NPB and MADN with DSA-Ph simultaneously. A peak luminance efficiency of 8.59 cd A −1 with a CIE of (0.155, 0.340) at 14.72 mA cm −2 and a maximum luminance of more than 42 000 cd m −2 have been achieved, which can be explained by the doping effect, the expansion of the recombination zone and efficient energy transfer. The DEL structure can also balance the distribution of charge carrier and excitons in the EML to reduce the effect of current-induced quenching.
